Phase relations between climate variables are critical in order to ascertain the main mechanisms driving glaciation cycles. Proxy records from ice cores are commonly assumed to represent annual mean averages. These averages, however, may be biased toward a particular season due, for example, to a change in the distribution of precipitation. We demonstrate using a nine-box model of the climate system that the phase relation between atmospheric CO 2 and temperature can be opposite during different seasons and, moreover, that the phase relation can change during different stages of the glacial cycle. Ice-core records may thus favor one phase relation during certain stages over another. Our model can explain the observed lag of several thousand years of atmospheric CO 2 behind temperature upon entering a stadial, given reasonable assumptions about the precipitation-weighted temperature record at Vostok.
Introduction
In order to understand the mechanism behind glacialinterglacial cycles, it is necessary to have information on the relative timing of events over the duration of such a cycle [Ghil and Childress, 1987; Imbrie et al., 1992 Imbrie et al., , 1993 Ghil, 1994] . Ice cores provide a long time record of proxies for different climate variables, and several previous studies have tried to determine the relative phasing between different climate variables. Atmospheric CO 2 and atmospheric temperature [Sowers and Bender , 1995; Fischer et al., 1999] or atmospheric CO 2 and ice volume [Broecker and Henderson, 1998] were studied by comparing proxies in the same core, while correlations between Antarctic and Greenland ice cores were used in order to determine which hemisphere leads [Bender et al., 1994; Steig et al., 1998; Blunier and Brook , 2001] .
In these studies, the isotopic records of the ice are translated into temperature. It is commonly assumed that the latter represents annual mean temperature [Jouzel et al., 1987; Bender et al., 1994; Broecker and Henderson, 1998; Petit et al., 1999] . Indeed, for today's climate, there is a good correlation between the annual mean local temperature and the isotopic temperature of precipitation both at Vostok [Jouzel et al., 1987; Jouzel et al., 1997] and in Greenland [Johnsen et al., 1995] .
During the last few years, however, general circulation model (GCM) results [Krinner et al., 1997; Werner et al., 2000] , as well as temperature estimates derived from boreholes [Johnsen et al., 1995; Cuffey et al., 1995] , showed that the isotopic temperature in Greenland is significantly biased toward summer during stadials, mainly because of seasonal changes in precipitation [Krinner et al., 1997; Werner et al., 2000] . Delaygue et al. [2000a] and Krinner et al. [1997] argue that the treatment of the isotopic temperature record in the Vostok ice core as a proxy for annual mean temperature is still justified but uncertainties remain [Hendricks et al., 2000] . Temperature reconstruction from boreholes [Salamatin et al., 1998 ] suggests a glacialinterglacial temperature change that is 30% stronger than that derived from the isotope record. Lack of observations ] as well as published GCM studies that usually do not simulate correctly the precipitation conditions near Vostok [Jouzel et al., 1994; Werner et al., 2000; Delaygue et al., 2000b] , prevent us from settling this issue with certainty.
Previous studies based on atmospheric GCM experiments examined the influence of precipitation seasonality on the interpretation of glacial-to-interglacial temperature differences Krinner et al., 1997; Werner et al., 2000] . Since GCMs are so computerintensive, they have been used only to simulate modern and ice age climate as equilibrium responses to prescribed glacial conditions and orbital parameters. Unlike investigating the effect of seasonality on the amplitude of glacial-interglacial variations, the effect of seasonality on the phase relations between climate variables such as temperature and CO 2 was therefore ignored.
Model description
Dealing with these phase relations during glacialinterglacial cycles clearly requires a physical model of the cycles that is sufficiently detailed. Gildor and Tziperman's [2000, 2001a,b] physical climate model includes simplified yet explicit model components for the oceanic overturning circulation, sea ice, land glaciers, atmosphere, and the carbon cycle. This model captures, in particular, a new mechanism for the 100-kyr oscillations that dominate the Late Pleistocene. The mechanism relies heavily on the radiative and insulating role of sea ice.
In the present paper we incorporate in the Gildor and Tziperman [2001b] model, which has three atmospheric and six oceanic boxes and which includes biogeochemical processes, the effect of insolation variations [cf. Gildor and Tziperman, 2000] . This allows us to investigate the phase relationship between atmospheric CO 2 concentrations and Southern Hemisphere temperatures on the paleoclimatic time scales. We demonstrate that this phase relation can be of opposite sign for different months (and seasons) during different stages of the glacial cycle, while annual mean temperature and CO 2 are in phase.
An uncertainty of about 1 kyr persists in the age of CO 2 relative to the ice [Fischer et al., 1999] . In spite of it, the Vostok records show that temperature and CO 2 concentrations rise fairly synchronously during deglaciations, while CO 2 decrease during glaciations lags the temperature decrease by several kyr [Petit et al., 1999] . This lag is especially pronounced at the end of interglacials 5.5 and 7.5 (see Figure 3 of Petit et al. [1999] ). Our model provides a tentative explanation for the observed lead of Southern Hemisphere atmospheric temperature during early glaciation. The explanation assumes that the Vostok isotopic temperature is biased toward the late spring and early summer temperatures, as suggested by the studies reviewed above. These studies suggest that the relative contribution of the November-December-January precipitation to the total annual precipitation during glacial periods might be larger than at present (see Figure 2 of Delaygue et al. [2000a] ). Figure 1 shows the results for temperatures and at- Figure 1 mospheric CO 2 concentrations in the southern atmospheric box of a 300-kyr simulation. Records for model CO 2 and temperature taken for the month of November each year (upper panel) clearly show that CO 2 lags southern temperature by a few kyr at the beginning of glaciation. In contrast, during deglaciation both atmospheric temperature and CO 2 rise almost in phase. When both records represent the annual mean (lower panel), no phase difference arises in either glacial-cycle stage. This example demonstrates the care required when trying to correlate time series of different proxies, in order to identify lead-lag relations.
Model results
Seasonal dependence of the CO 2 -vs.-temperature phase lag Different processes control the atmospheric temperature and atmospheric CO 2 in high southern latitudes. In our model, the 100-kyr variations in atmospheric CO 2 are the result of changes in the rate of vertical mixing and in sea-ice cover in the Southern Hemisphere [Gildor and Tziperman, 2001b] . The CO 2 variations superimposed on the 100-kyr cycle are dominated by solubility variations in high northern latitudes, where the surface ocean water absorbs CO 2 from the atmosphere before sinking into the deep ocean. Figure 2 shows that CO 2 varies in phase with the Figure 2 average oceanic temperature, both in the annual mean and in November-only values. CO 2 solubility is affected by ocean temperature, while both oceanic and atmospheric temperatures in and above the northern subpolar ocean are largely affected by albedo, and hence by the extent of the northern ice sheet [Gildor and Tziper-man, 2000] . The variations in the northern surface temperature are then carried by the thermohaline circulation and affect the deep-ocean temperature. Hence, atmospheric CO 2 is highly correlated with boreal summer insolation in northern latitudes.
The model's southern polar atmospheric temperature is controlled by two main factors: sea-ice extent, via its albedo effect, and solar insolation. There is a high (inverse) correlation between sea-ice extent and atmospheric temperature, which is due to the high albedo of sea ice. This relation is observed throughout the year. However, while sea-ice extent is partially affected by the temperature of the deep ocean and hence by Northern Hemisphere processes [Gildor and Tziperman, 2001b] , it is also modified by local insolation variations [Kim et al., 1998 ]. Thus the model's southern polar atmospheric temperature is affected by local insolation both directly and through the insolation effect on sea ice, but it is also affected by northern hemisphere condition. Figure 2b presents the relation between local insolation and atmospheric temperature in high southern latitudes during November, May, and for the annual mean. It is clear that insolation has a larger effect on atmospheric temperature during November, when the amount of insolation becomes significant. Hence, the relative contributions of local insolation and sea ice to southern atmospheric temperature differ from season to season, and change during the glacial cycle (see lower panel of Figure 2b ). The dependence on the march of seasons is quite similar, albeit slightly less striking, when taking three-month seasons (NDJ and MJJ) into account (not shown), rather than single months (as in Fig. 1 and Fig. 2b ).
Discussion
Climate information from marine sediments [Imbrie et al., 1992 [Imbrie et al., , 1993 and ice cores [Broecker and Henderson, 1998; Fischer et al., 1999; Steig et al., 1998 ] has been used by several previous studies to determine the sequence of events during past glaciation cycles in order to identify the mechanisms behind these cycles. A few recent studies have investigated the effect of seasonal change in polar precipitation on the reliability of glacial-interglacial temperature variations inferred from isotopic records [Steig et al., 1994; Jouzel et al., 1997; Krinner et al., 1997; Werner et al., 2000] .
We have used here a simple, zonally averaged model to demonstrate that the phase relations between climate variables extracted from ice cores can differ from season to season and can change during the glacial cycle. Changes in the seasonal distribution of polar precipitation during a glacial cycle can therefore also affect our interpretation of lead-lag relations between different climate proxies extracted from ice cores. The reason for the seasonal dependence of the phase relations is that different processes affect the temporal behavior of each climate variable during a glaciation cycle. Some of these processes have a season-sensitive behavior.
A distinctive feature of the Vostok ice core [Petit et al., 1999] is the lag between atmospheric CO 2 and local atmospheric temperature, particularly pronounced during early glaciation and vanishes during deglaciation. In our model, the shorter-period CO 2 variations superimposed on the 100-kyr cycle are highly correlated with boreal summer insolation in northern latitudes. In contrast, high-latitude southern temperature is affected by both local insolation variation -which is out of phase with northern insolation for the dominant precessional variations -and by sea-ice albedo. The phase difference between CO 2 and southern temperature varies therefore during the seasonal cycle, and can be different from one stage of a glaciation cycle to another. In our model, during early glaciation and for austral late spring and early summer, local temperature decrease leads atmospheric CO 2 . The opposite is the case, i.e. temperature decrease lags atmospheric CO 2 , during late fall and early winter.
It is quite plausible that the Vostok isotopic record during cold periods is biased toward austral spring and summer temperatures, as the Greenland record seems biased toward boreal summer, even though the bias might be somewhat smaller [Krinner et al., 1997; Delaygue et al., 2000a] . If so, the observed variable phase lag between atmospheric CO 2 and temperature in the Vostok record can be explained by the seasonal bias of the phase relations (see Figure 1) .
The model used here is highly idealized and our explanation for the observed phase difference between southern atmospheric temperature and atmospheric CO 2 is admittedly speculative. Alternative possibilities include the existence of a nonlinear oscillatory mechanism that involves CO 2 and various climate variables [Ghil , 1994; Saltzman and Verbitsky, 1994; Dettinger and Ghil , 1998 ] and isotopic temperature biases due to climate variations in the precipitation's source region [Cuffey and Vimeux , 2001] . Nonlinear oscillations can also account for changes in phase relations among variables during a glaciation cycle [Le Treut et al., 1988; Ghil , 1994] .
Isotopic modeling studies using atmospheric GCMs have significantly improved during the past few years in simulating and explaining the observed record in Greenland. With a similar advance in their ability to simulate the Antarctic climate ], GCMs could provide better estimates of the seasonal distribution of precipitation in Antarctica during different stages of a glaciation cycle. This should lead to a better understanding of lead-lag relations between climate variables in the Vostok ice core data and support or invalidate the present results. 
